One sentence summary: In this minireview, we discuss the structural basis of carbohydrate recognition by galectins, an evolutionary conserved family of ß-galactoside-binding lectins, and their binding and effector properties for endogenous ('self') and exogenous ('non-self') glycosylated ligands.
INTRODUCTION
The immediate recognition of distinct ('non-self') structures on the surface of potential pathogens and parasites is one of the key steps of innate immune responses. Among these microbial surface moieties, complex carbohydrates such as viral envelope glycoproteins, bacterial lipopolysaccharides and exopolysacharides, and various surface glycans from eukaryotic parasites encode rich information that is 'decoded' by the hosts' carbohydrate-binding proteins (lectins) . The lectin-glycan interaction can trigger a series of downstream events that include activation of signaling pathways that promote phagocytosis and intracellular killing, and activation of prophenoloxidase and complement pathways that can promote phagocytosis and killing of the potential pathogen . Thus, lectins are critical components of innate immune mechanisms in both invertebrates and vertebrates. However, unlike immunoglobulins and T-cell receptors which generate diversity in recognition by genetic recombination, lectins are 'hard-wired' in the germline, which is a feature shared by most innate immune receptors. Therefore, one of the outstanding questions is how the innate immune system is able to cope with the great diversity of potential microbial infectious challenges. Although the concept of pattern recognition proposes that only a handful of microbial conserved surface molecules need to be recognized for successful innate immune defense, the highly diversified microbial communities to which all organisms are exposed to, and the dynamic changes in surface expression components suggests that a substantial diversity in non-selfrecognition mechanisms may be required for immune protection. The detailed analysis of the structural basis of lectin-ligand binding and the diversity and complexity of the lectin repertoires in taxa that lack adaptive immunity, such as invertebrates, strongly suggests that this is the case . In this regard, the ongoing genome, transcriptome and proteome projects in non-mammalian organisms have provided a more realistic assessment of the diversity and complexity of the lectin repertoire in each species. This information, coupled to forward and reverse genetic approaches implemented in model organisms amenable to genetic manipulation, has contributed further insight into our understanding of their diversity in immune recognition and detailed functional aspects .
Most soluble or membrane-associated lectins are oligomers of covalently or non-covalently bound peptide subunits, each characterized by the presence of one or more carbohydrate recognition domains (CRDs) (Taylor and Drickamer 2003) . Based on the presence of conserved amino acid sequence motifs and structural fold of the CRD, and requirement of divalent cations or a reducing environment for ligand binding, lectins have been classified in several major families, such as C-, P-, X-and I-types, galectins (formerly S-type), heparin binding and others . The F-type lectin family Odom and Vasta 2006; Vasta et al. , 2012 is the most recently identified lectin family (Drickamer 2017 , http://www.imperial.ac.uk/research/animallectins/), whereas the acute phase reactants C-reactive protein and serum amyloid P are now considered members of the pentraxin lectin family (Bottazzi et al. 2006) .
Lectins can recognize endogenous ligands such as glycocoproteins, polysaccharides and glycolipids from the cell surface or the extracellular matrix (ECM) and promote cell-cell and cell-ECM interactions (Taylor and Drickamer 2003; Vasta and Ahmed 2008) . Through these interactions, lectins can modulate various developmental processes, survival, proliferation and metastasis of cancer cells, and regulate immune homeostasis . Lectins can also decode 'modified' endogenous glycans, such as those displayed by tumor cells, and recognize foreign 'non-self' glycans on the surface of microbial pathogens or parasites Vasta and Ahmed 2008) . Thus, the efficient, specific, discrimination between 'self', 'modified-self' and 'non-self' that is achieved by recognizing structural information encoded by cell surface sugar moieties constitutes a critical component of innate immune mechanisms (Ley and Kansas 2004; Barrionuevo et al. 2007) . Among the several lectin families established so far, the critical roles of galectins in both adaptive and innate immunity responses, as well as their co-option by microbial pathogens for host entry, have recently generated great interest (Vasta 2009 (Vasta , 2012 . This review article will discuss the multiple functions of galectins based in self and non-selfrecognition, with emphasis on current research studies in our laboratory.
GALECTINS: BIOCHEMICAL, STRUCTURAL AND EVOLUTIONARY ASPECTS
Galectins constitute a family of ß-galactoside-binding proteins characterized by a unique CRD sequence motif, that are ubiquitous and structurally conserved in eukaryotic taxa, including fungi, sponges and both invertebrates and vertebrates (Cooper 2002) (Fig. 1) . Most galectins are non-glycosylated soluble proteins, although a few recently discovered exceptions have transmembrane domains (Lipkowitz et al. 2004) . Galectins are synthesized in the cytosol, and some can be translocated into the nucleus (Fig. 2) . Furthermore, although galectins lack a typical secretion signal peptide, they can be secreted into the extracellular space by direct translocation across the plasma membrane (Cleves et al. 1996) . Based on structural features, mammalian galectins have been classified into three types: 'proto', 'chimera' and 'tandem repeat' (TR) (Hirabayashi and Kasai 1993) (Fig. 1) . Proto-type galectins are non-covalently linked homodimers of peptide subunits that contain a single CRD. The chimera galectins have an N-terminal domain rich in proline and glycine with the CRD on the opposite C-terminal region. TR galectins display two CRDs that are bridged by a functional linker peptide. Galectins from invertebrates may have unique structural features, such as galectins with four CRDs per polypeptide described in clams, oysters and snails Feng et al. 2013 Feng et al. , 2015a Kurz et al. 2013; Vasta et al. 2015) , or the galectin MjGal from the shrimp Marsopenneus japonicus that resembles a chimera-type galectin but with the CRD located at the N-terminal end (Shi et al. 2014) . Mammalian galectins comprise up to 15 distinct galectin subtypes, numbered following the order of their discovery: galectins-1, -2, -5, -7, -10, -11, -13, -14 and -15 are proto-type; galectin-3 is the only chimeratype, and galectins-4, -6, -8, -9 and -12 are TR type (Hirabayashi and Kasai 1993; Vasta and Ahmed 2008) .
Resolution of the structure of the galectin-1 in complex with N-acetyllactosamine (LacNAc) at 1.9Å resolution revealed the galectin structural fold as a jellyroll topology typical of legume lectins, and enabled the identification of the amino acid residues that participate in interactions with the ligand, as well as the position and orientation of the sugar hydroxyls that interact with those amino acids (Liao et al. 1994; Bianchet et al. 2000) (Fig. 1) . The galectin-1 subunit consists of an 11-strand antiparallel ß-sandwich, in which the single carbohydrate-binding site is formed by three continuous concave strands (ß4-ß6) that contain all residues involved in direct interactions with LacNac. Additional interactions involving a water molecule that bridges the nitrogen of the NAc group with His52, Asp54 and Arg73 explains the higher affinity of LacNAc over Lac (Liao et al. 1994; Bianchet et al. 2000) . Thermodynamic approaches have enabled not only the rigorous assessment of the galectins' carbohydrate-binding affinity but also the oligomeric organization of the protein. Based on microcalorimetry, the dissociation constants for the interactions of bovine galectin-1 with the preferred ligands (Lac, LacNAc, thiodigalactoside) were in the range of 10 −5 M, with two binding sites per molecule (Schwarz et al. 1998) . The dimerization of proto-type galectins such as galectin-1 is critical for their function in mediating cell-cell or cell-ECM interactions (Gabius 1997) , and similar interactions via the Nterminus domain have been proposed for the chimera galectins such as galectin-3 (Colnot et al. 1997 (Colnot et al. , 2001 (Ahmed et al. 2002; Feng et al. 2013; Vasta et al. 2015) (Fig. 3) . The discovery of galectin-like proteins in the fungus Coprinopsis cinerea and in the sponge Geodia cydonium revealed the early emergence and structural conservation of galectins in eukaryotic evolution along the lineages leading to the mammals (Saouros et al. 2005; Walser et al. 2005; Stalz et al. 2006) . It is important to keep in mind that although galectins are considered a conserved lectin family, most species are endowed of a complex galectin repertoire, with members exhibiting multiple isoforms and more or less subtle variations in carbohydrate specificity, which together with a certain degree of plasticity in sugar binding of each CRD, suggests a substantial diversity in recognition properties (Sato and Hughes 1992; Vasta and Ahmed 2008; Vasta et al. 2012) . In contrast, galectin-like proteins such as the mammalian lens galectin-related inter-fiber protein (GRIFIN) and the HSPC159 (hematopoietic stem cell precursor) lack carbohydratebinding activity, and are considered products of evolutionary cooption (Ogden et al. 1998; Ahmed and Vasta 2008) .
MAMMALIAN AND NON-MAMMALIAN ANIMAL MODELS FOR FUNCTIONAL STUDIES ON GALECTINS
It has been widely recognized in recent years that the use of murine models for the investigation of the biological roles of galectins has produced invaluable information. However, the use of non-mammalian animal models such as invertebrates [Drosophila (Pace et al. 2002) ; Caenorhabditis elegans (Dodd and (Vasta et al. 2004; Kirchmaier et al. 2015) ; medaka (Oryzias latipes) (Kirchmaier et al. 2015) ] as alternative model organisms amenable to genetic manipulation has provided further insight into the biological function(s) of galectins . In addition to enabling the implementation of comparative approaches towards our understanding of the gene organization, structural aspects and biochemical properties of galectins, the aforementioned species offer multiple advantages over the murine models. Among these, their short generation time, the transparency of their embryos or larval stages and the possibility to carry out loss-of-function experiments in whole body systems have been key to the popularity of their use . Furthermore, comprehensive genetic toolboxes and large collections of mutants and transgenic lines have been developed for these alternative models, greatly facilitat- ing functional research studies. The explosive increase in recent years in the availability of genome and transcriptomic public databases for invertebrates and ectothermic vertebrates of commercial or environmental relevance has also enabled the use of species such as oysters and shrimp as models for unraveling the roles of galectins in infectious disease Feng et al. 2013 Feng et al. , 2015a Kurz et al. 2013; Shi et al. 2014; Vasta et al. 2015) .
FUNCTIONS OF GALECTINS BASED ON THE RECOGNITION OF ENDOGENOUS ('SELF') GLYCANS
Glycans that contain N-acetyllactosamine chains [(Galβ1,4GlcNAc)n], such as laminin, fibronectin, lysosomeassociated membrane proteins and mucins, are the preferred endogenous ligands for galectins on the cell surface and organelles and in ECM (Gabius 1997; Seetharaman et al. 1998; Elola et al. 2007) (Fig. 4A ). The biological function of a particular galectin, however, may vary from site to site, depending on the availability of suitable ligands, and the redox properties of any particular intra-or extracellular microenvironment (Lobsanov et al. 1993; Liao et al. 1994; Bianchet et al. 2000) . In solution, galectins can form multivalent species in a concentrationdependent equilibrium (Morris et al. 2004) . Proto-type galectins associate as non-covalently bound dimers via a hydrophobic interphase, whereas galectin-3 associates via its N-terminal domain to form oligomers (trimers and pentamers) that in the presence of multivalent oligosaccharides in solution or at the cell surface display binding cooperativity (Brewer, Miceli and Baum 2002; Dam and Brewer 2008) . The bivalent TR-type galectins can recognize different saccharide ligands with a single polypeptide, although they can also form higher order aggregates that enhances their avidity. Furthermore, the binding of galectins to cell surface ß-galactoside-containing glycolipids and glycoproteins can lead to the formation of lattices that cluster these ligands into lipid raft microdomains required for activation and optimal transmission of signals relevant to cell function (Brewer, Miceli and Baum 2002; Rabinovich et al. 2007; Dam and Brewer 2008) . Galectin-mediated lipid raft assembly at the cell surface may function as an 'on/off switch' that regulates turnover of endocytic receptors, signal transduction pathways leading to T-cell activation and cytokine secretion, or apoptosis, B-cell maturation activation and tolerance and neutrophil activation leading to phagocytosis, oxidative burst and cytokine release (Brewer, Miceli and Baum 2002; Rabinovich et al. 2007; Dam and Brewer 2008) .
Early development and tissue regeneration
The initial description of galectins in chicken muscle as developmentally regulated proteins led to the proposal that their functions were related to embryogenesis and early development. Furthermore, the binding of chicken galectins to 'self' ligands such as polylactosamines abundant at the myoblast surface and the ECM suggested that they participate in myoblast fusion (Colnot et al. 1997 (Colnot et al. , 2001 Gabius 1997) . Later studies on murine galectin-1 and galectin-3 suggested roles in notochord development, somitogenesis, and development of muscle tissue and central nervous system (Cooper, Massa and Barondes 1991) . Despite the increasing availability of genetically modified mice, however, some strains carrying null mutations for selected galectins only display subtle developmental phenotypes and the assignment of well-defined biological roles has not been straightforward (Colnot et al. 1997 (Colnot et al. , 2001 , and this was interpreted as functional redundancy or compensatory effects that would take place among the members of the galectin repertoire. More recently, however, as their binding properties and natural ligands are rigorously characterized, it has become clear that this is not the case, and their unique biological roles are being elucidated in increasing detail. For example, recent studies have unraveled the critical role of galectin-1 in angiogenesis, as the basis for resistance of certain tumors to otherwise effective anti-VEGF (vascular endothelial growth factors)-targeted therapy (Croci et al. 2014) . Nevertheless, other genetically tractable model organisms endowed with a less diversified galectin repertoire such as Drosophila and zebrafish have become attractive alternatives for these selected galectins, with promising results (Pace et al. 2002; Ahmed et al. 2004; Vasta et al. 2004; Feng et al. 2015b) .
Our current studies on the developmental roles of galectins using the zebrafish model were initiated by the characterization of the galectin repertoire in this species . We first identified and characterized the ontogenic expression and tissue distribution of galectin-1-like proteins: Drgal1-L1, Drgal1-L2, Drgal1-L3 and one splice variant of Drgal1-L2. Drgal1-L1 is maternal; Drgal1-L2 is zygotic and strongly expressed in the notochord; and Drgal1-L3 is both maternal and zygotic . Knockdown experiments in zebrafish embryos using a morpholino-modified antisense oligonucleotides targeted to the 5 -UTR sequence of Drgal1-L2 resulted in a phenotype with a bent tail and disorganized muscle fibers. This phenotype was dose dependent and absent in Drgal1-L1 knockdown embryos, indicating that the observed effects are sequence-specific.
Furthermore, ectopic expression of native Drgal1-L2 specifically rescued the phenotype (Vasta et al. 2004; Feng et al. 2015b) . In vertebrates, the notochord is the primary source of signaling molecules required for patterning of the adjacent tissues, such as neural tube, heart and circulatory system, and the somites. Thus, these observations suggest that Drgal1-L2 expressed by the notochord cells plays a key role in differentiation and development of the myotome (Vasta et al. 2004; Feng et al. 2015b) .
We also identified a homolog of the GRIFIN in zebrafish (designated DrGRIFIN), which like the mammalian equivalent is expressed in the lens, particularly in the fiber cells of 2 dpf (days post fertilization) embryos . In striking contrast with the mammalian counterparts, however, in adult zebrafish DrGRIFIN is also expressed in oocytes, brain and intestine. Most importantly, DrGRIFIN actively binds carbohydrates (preferentially blood group B type II oligosaccharides) and thus, behaves as a typical galectin. As silencing Dr-GRIFIN expression in embryos resulted in a significantly smaller lens, we hypothesize that in teleost fish GRIFIN modulates the differentiation of progenitor cells in the early eye lens structures by binding to cell surface glycans and activating the signaling pathways involved in lens development . We also proposed that through evolution along lineages leading to mammals, GRIFIN's carbohydrate-and proteinbinding properties, as well as its spatio-temporal expression, became more restricted based on structural and functional constraints .
Studies on the zebrafish also revealed that galectins not only participate in early development but also in regeneration of injured adult tissues. Experimentally light-induced retinal injury in adult zebrafish was used in combination with an antisense knockdown approach to demonstrate that Drgal1-L2 is the first secreted factor in the retina shown to regulate aspects of regenerative neurogenesis. DrGal1-L2 is induced by photoreceptor cell death and secreted by stem cells and neuronal progenitors in the Müller glia, and selectively regulates the regeneration of rod photoreceptors but not the cones (Craig et al. 2010 ).
Cancer
The expression of galectins can be significantly altered upon neoplastic transformation. Some tumors such as melanoma, prostate and ovarian cancer show overexpression of selected galectins, particularly galectin-1, -3, -7, -8 and -9, and these profiles may correlate with malignancy stage, aggressiveness or metastatic potential (Hill et al. 2010; Blidner et al. 2015) . For example, melanomas can display enhanced expression and secretion of galectin-1, which through its immunosuppressive and apoptotic effects for T cells can contribute to establish an immuneprivileged environment that enables tumor survival (Blidner et al. 2015) . Furthermore, recent studies using galectin-1 knockout cell lines and mice have shown that expression of galectin-1 in tumor cell endothelium is essential for tumor angiogenesis. The mechanisms elucidated are based on the binding of galectin-1 to complex N-glycans on VEGF receptor 2 (VEGFR2), and galectin-1-mediated activation of VEGF-like signaling (Croci et al. 2014) . Thus, galectins can play important roles in tumor progression and metastasis through indirect effects in regulating tumor immune responses and direct effects in tumor angiogenesis (Croci et al. 2014) .
In other tumors, galectin expression can be downregulated or completely silenced by promoter methylation. For example, in the malignant prostate epithelial cell line LNCaP, expression of galectin-3 is silenced by high cytidine methylation of its promoter, as demonstrated by pre-treatment with azacytidine. This methylation is not observed in normal prostate cells, or cells from other tissues. Furthermore, the galectin-3 promoter is highly methylated in biopsies from early stages of prostate adenocarcinoma but not in those from benign prostate hyperplasia or normal prostate tissue. Based on this observation, a very reliable, highly sensitive and specific diagnostic assay for prostate cancer was developed and validated. Furthermore, that assay was adapted for use in plasma and urine samples, constituting a powerful tool for non-invasive diagnosis of prostate cancer at those early stages in which may be clinically undetectable (Ahmed, Banerjee and Vasta 2007; Ahmed et al. 2009; Ahmed 2010) .
Galectin-3 also has a key role in metastasis of prostate adenocarcinoma. The Thomsen-Friedenreich disaccharide (TFD, Galβ1,3GalNAc), a preferred ligand of galectin-3, is present on the surface of most cancer cells and promotes angiogenesis, tumor-endothelial cell adhesion and metastasis of prostate cancer cells, as well as evading immune surveillance through killing of activated T cells. A glycopeptide from cod antifreeze protein (designated TFD100) that binds galectin-3 with picomolar affinity can also block galectin-3-mediated angiogenesis, tumorendothelial cell interactions and metastasis of prostate cancer cells at nanomolar levels in a murine model. Thus, this highaffinity TFD100 should be a promising antimetastatic therapeutic treatment of prostate adenocarcinoma (Guha et al. 2013 ).
Adipogenesis and type 2 diabetes
Recently, the key roles of galectin-3 and galectin-12 in adipogenesis and their association with obesity, inflammation and type 2 diabetes have been characterized (Yang et al. 2011b; Pang et al. 2013; Pejnovic et al. 2013 ). Galectin-3 knockout mice display age-dependent increased adiposity, dysregulated glucose metabolism and systemic inflammation, including accelerated diabetes-associated kidney damage and diet-induced atherogenesis. In addition, these mice display proinflammatory changes in visceral adipose tissue and pancreas, the latter including infiltration of macrophages expressing NLRP3 inflammasome and IL-1β in pancreatic islets, accumulation of AGE, upregulation of RAGE expression and increased TNFα, IL-1β, IL-18 and IL-6. In contrast, galectin-12 is expressed in adipocytes and associated with lipid droplets, and functions as a negative regulator of lipolysis and insulin sensitivity. Galectin-12 knockout mice show increased lipolysis and reduced adiposity, suggesting that galectin-12 controls cAMP levels at the lipid droplet, increases protein kinase A signaling and modulates the recruitment or function of a phosphodiesterase (Yang et al. 2011b; Pang et al. 2013; Pejnovic et al. 2013) .
Immune regulation
During the past decade, evidence has accumulated to support the critical roles of galectins in the regulation of both innate and adaptive immune homeostasis, as well as responses to infectious and allergic challenge, and cancer (Liu, Yang and Hsu 2012; Rabinovich, van Kooyk and Cobb 2012) . Galectins are ubiquitously expressed and distributed in mammalian tissues, including most cells of the innate (dendritic cells, macrophages, mast cells, natural killer cells, gamma/delta T cells and B-1 cells) and adaptive (activated B and T cells) immune system, and as in other cell types (Stowell et al. 2008; Rabinovich, van Kooyk and Cobb 2012) . Although the expression of galectins in animal tissues is tightly regulated, their expression can be modulated by a variety of stimuli, including infectious challenge, and this may be especially important in innate immune responses. For example, both galectin-1 and galectin-3 are upregulated in gastric epithelial cells that are infected by Helicobacter pylori. Galectin expression can also be modulated during infection by HIV, paramixovirus, herpesvirus 1, Newcastle and EpsteinBarr virus (reviewed by Vasta 2009) . A recent report indicates that dengue infection of cells in vitro downregulates expression of galectin-1 in several different human cell lines (Toledo et al. 2014) . Whether their expression is enhanced or attenuated upon infectious challenge, galectins can modulate neutrophil, macrophage, and B and T-cell function, thereby regulating host innate and adaptive immunity.
Galectins released by stromal and immune cells can oligomerize and form lattices at the cell surface through binding and clustering of polylactosamine-rich cell surface glycoconjugates into segregated membrane microdomains, leading to activation of transmembrane signaling pathways that modulate differentiation of immune cell precursors and diverse cell functions such as cell adhesion and migration, T-cell apoptosis, Th1/Th2 cytokine balance and mast cell degranulation (Liu, Yang and Hsu 2012; Rabinovich, van Kooyk and Cobb 2012) . Galectins can have opposite roles as pro-or anti-inflammatory factors in innate immune responses. For example, galectin-1 has proapoptotic activity and functions as an anti-inflammatory agent by blocking or attenuating signaling events that lead to leukocyte infiltration, migration and recruitment (Stowell et al. 2008) . In contrast, galectin-3 is normally expressed in various epithelia and inflammatory cells, such as activated macrophages, dendritic cells and Kupffer cells, and is upregulated during inflammation, cell proliferation and cell differentiation. Galectin-3 also exhibits anti-apoptotic activity for macrophages and enhances their interactions with basal lamina glycans, such as laminin and fibronectin, positively modulating their recruitment and antimicrobial activity (Hsu and Liu 2008; Liu, Yang and Hsu 2012) . Recent studies in galectin-3 knockout mice show a link between galectin-3 and cardiomyopathy and cardiac fibrosis, conditions that are associated with heart failure (Filipe et al. 2015) . Galectin-9 is highly expressed in various tissues of the immune system, such as bone marrow, spleen, thymus and lymph nodes, and functions as a selective chemoattractant for eosinophils, inducing their activation, oxidative activity and degranulation (Hirashima et al. 2004) .
The roles of galectins as regulators of adaptive immune responses have been the focus of intense research in the past few years (Liu, Yang and Hsu 2012; Rabinovich, van Kooyk and Cobb 2012) . Interactions between stromal cells from the bone marrow and thymic compartments and lymphocyte precursors are critical to their development, selection and further progression to the periphery (Rossi et al. 2006) . Galectin-1 can regulate T-cell proliferation and apoptosis depending on their developmental stage and activation status, and the microenvironment in which the exposure takes place. The effects of galectin-3 in T-cell survival, however, are dependent on whether protein is produced endogenously (anti-apoptotic) or by exogenous exposure (pro-apoptotic) (Hsu and Liu 2008) . Furthermore, the effects of galectins on T-cell cytokine synthesis and secretion ultimately determine the Th1/Th2 polarization of the immune response. For example, by reducing IFN-γ and IL-2 and enhancing IL-5, IL-10 and TGF-β production, galectin-1 skews the balance from a Th1-toward a Th2-polarized response, whereas by reducing IL-5 levels, galectin-3 has the opposite effect (Hsu and Liu 2008; Liu, Yang and Hsu 2012; Rabinovich, van Kooyk and Cobb 2012) . Galectin-1-knockout mice show a 'hyper-Th1 and Th17 response' when challenged by antigens in vivo. They also exhibit heightened sensitivity to experimental autoimmune encephalomyelitis associated with elevated levels of Th1 and Th17 lymphocytes (Chen et al. 2014) . Galectin-1 can also induce tolerogenic phenotypes in dendritic cells via their production of IL-27 and expansion of IL-10-secreting regulatory T cells that can suppress autoimmune neuroinflammation or promote fetomaternal tolerance (Blois et al. 2007) . Therefore, the regulatory roles of galectins on immune homeostasis can lead to beneficial or detrimental effects on pathological conditions that have a basis on exacerbated or depressed immune function, such as inflammatory, allergic and autoimmune disorders, and cancer.
RECOGNITION OF EXOGENOUS ('NON-SELF') GLYCANS BY GALECTINS: A NEW PARADIGM
Most recently, the realization that galectins can bind exogenous ('non-self') glycans on the surface of viruses, bacteria, protista and fungi has led to a new paradigm about their potential roles as pattern recognition receptors (PRRs) (Vasta 2009) (Fig. 4B) . This has been supported by our greater appreciation of the considerable diversity of the galectin repertoire in each organism and subtle variations in the specificity of each galectin towards the target glycans, which suggest an extensive diversity and plasticity in the capacity of galectins for non-self-recognition. Furthermore, because galectins can form oligomers, their multivalent binding properties, including increased avidity and cross-linking capacity, clearly enable galectins to participate in direct recognition of pathogens and parasites, and as effector factors in downstream processes that lead to modulation of innate and adaptive immune responses. However, whether galectin-mediated pathogen recognition has a clear benefit for the host as an effective defense mechanism is not entirely clear, except for a few examples (Vasta 2009 ).
Galectins as PRRs and effector factors in innnate immunity
A recent report that clearly illustrates galectin functions as a recognition and effector factor beneficial for host defense is the galectin MjGal from the kuruma shrimp Marsopenneus japonicus. This galectin is upregulated in hemocytes and hepatopancreas upon bacterial infection, and can bind to both Gram-positive and Gram-negative bacteria through the recognition of lipoteichoic acid and lipopolysaccharide, respectively. By also binding to the shrimp hemocyte surface, MjGal functions as an opsonin, promoting the phagocytosis of potentially pathogenic bacteria. Furthermore, as shown in vivo by RNA interference, MjGal participates in clearance of bacteria from circulation, and thereby contributes to the shrimp's immune defense against infectious challenge (Shi et al. 2014) .
During infection by Nipah virus (NiV), a paramyxovirus that infect both humans and animals, the viral envelope glycoproteins attach and fuse to the host endothelial cells through their ephrinB2 or ephrinB3 receptors, also promoting cell-cell fusion and syncytia formation, causing endothelial disruption and hemorrhage (Levroney et al. 2005) . Galectin-1 specifically crosslinks the N glycans displayed in the NiV envelope glycoproteins and reduces cell-cell fusion, thereby attenuating the pathophysiological effects of NiV infection (Levroney et al. 2005) . However, the beneficial effects of galectin-1 in NiV infection are conditioned by the timing of the virus-galectin interaction (Garner et al. 2015) .
Galectin-1 can also bind to the envelope glycoprotein of influenza A virus (IAV) and reduce infection severity, although the mechanisms involved have not been fully elucidated yet (Yang et al. 2011a) . Similarly, an in vitro study reported that galectin-1 can directly interact with dengue virus (DENV), a mosquitotransmitted enveloped RNA virus that can cause hemorrhagic fever. Galectin-1 directly binds to DENV and inhibits in vitro viral adhesion and internalization into host cells (Toledo et al. 2014) . The role of galectin-1 was also examined in vivo using galectin-1 knockout mice, and demonstrated that the expression of endogenous galectin-1 contributes to resistance against DENV infection (Toledo et al. 2014) . Recently, we have used the zebrafish model to examine the roles of galectins in viral adhesion and entry by the infectious hematopoietic necrosis virus (IHNV), which is responsible for significant losses in both farmed and wild salmon and trout populations (Nita-Lazar et al. 2016) . Although IHNV enters the host through the skin at the base of the fins, the viral adhesion and entry mechanisms are not fully understood (Harmache et al. 2006) . Results of the study showed that the zebrafish galectins Drgal1-L2 and Drgal3-L1 interact directly with the glycosylated envelope of IHNV and with the glycans on the fish epithelial cell surface, significantly reducing viral adhesion (Nita-Lazar et al. 2016) .
In mammals, the TR galectins-4 and -8, which are expressed in the intestinal tract, can specifically recognize and kill Escherichia coli strains that display B-blood group oligosaccharides (BGB+ E. coli), while other E. coli strains or bacterial species are not affected (Stowell et al. 2010) . The killing activity of both galectins is mediated by their C-terminal domains, and appears to be caused by disruption of integrity of the bacterial cell surface (Stowell et al. 2010) . Mutation of key residues in either CRD revealed that the C-CRD mediates recognition the BGB+ E. coli but does not affect its viability, while the N-CRD might be endowed with killing activity (Stowell et al. 2010) . Taken together, the results of these studies indicate that galectins can function not only in immune recognition but also as effector factors in innate immune responses against pathogens.
Subversion of the roles of galectins in innate immunity by pathogens and parasites
Although as indicated above, galectins can function as effective recognition and effector factors against viral and bacterial infection, some pathogens and parasites can 'subvert' the galectins' defense roles, and use them for adhesion to or to gain entry into the host cells Vasta 2009 ). For example, galectin-1 promotes infection by HIV-1 by facilitating viral attachment to CD4 receptor, and increasing infection efficiency by shortening the time required to establish an infection. Furthermore, galectin-1 would also function as a soluble scavenger receptor and enhance the uptake of the virus by macrophages (Sato et al. 2012) . Although expression of galectin-3 is upregulated by the HIV Tat protein in several human cell lines, this galectin has no effect on HIV-1 adsorption, entry or infection (Fogel et al. 1999) . This observation highlights the relevance of the subtle differences in galectin specificity and affinity that may determine the very different pathogen recognition outcomes. As recently reported, galectin-9 can also enhance HIV entry, albeit by an indirect mechanism (Bi et al. 2011; Merani, Chen and Elahi 2015) . On Th2 cells, galectin-9 binds cell surface protein disulfide isomerase (PDI), increasing retention of PDI on the cell surface and altering the redox status at the plasma membrane. It has been established that cell surface PDI regulates integrin function on platelets and also enhances susceptibility of T cells to infection with HIV. Thus, the binding of galectin-9 to PDI on Th2 cells enhances cell migration via β3 integrins, and potentiates infection with HIV (Bi et al. 2011) . It is noteworthy that HIV also uses recognition by DC-SIGN, a C-type lectin, to enter dendritic cells, thereby underscoring the multiple adaptations of the viral glycome for host infection via protein-carbohydrate interactions (Sato et al. 2012) .
In the zebrafish-IHNV infection model described above, different members of the galectin repertoire can display opposite functions. While the proto-type galectin Drgal1-L2 and the chimera-type galectin DrGal3-L1 can inhibit viral adhesion to epithelial cells (Nita-Lazar et al. 2016) , the TR galectin DrGal9-L1 can significantly promote viral adhesion and infection (Mancini et al, unpublished) . For the NiV infection of human endothelial cells, however, the same galectin can have opposite effects depending on the timing of the virus-galectin interaction and determine the outcome of the viral infection. Although galectin-1 can inhibit syncytium formation and reduce production of progeny virus (Levroney et al. 2005) , a recent study revealed that if galectin-1 is present during the initial phase of virus attachment, it can also enhance NiV adhesion to and infection of the endothelial cell surface by bridging glycans on the viral envelope to host cell glycoproteins (Garner et al. 2015) .
Infection by eukaryotic parasites can also be modulated by the galectins of hosts and vectors, and this can be illustrated by Leishmania species, which spend part of their life cycle in the phlebotomine sandfly vectors for transmission to the vertebrate hosts. Leishmania amastigotes attach to the insect midgut epithelium via the sandfly galectin PpGalec that binds to the Gal(ß1-3) side chains on the Leishmania LPG, to prevent their excretion along with the digested bloodmeal and differentiate into free-swimming infective metacyclics (Kamhawi et al. 2004) . Another interesting study identified galectin-1 as the receptor for the protozoan parasite Trichomonas vaginalis, the causative agent of the most prevalent non-viral sexually transmitted human infection in both women and men (Okumura, Baum and Johnson 2008) . Trichomonas displays a surface LPG rich in galactose and N-acetyl glucosamine, which is recognized in a carbohydrate-dependent manner by galectin-1 expressed by the epithelial cells in the cervical linings, as well as placenta, prostate, endometrial and decidual tissue, also colonized by the parasite (Okumura, Baum and Johnson 2008) . Similarly, the protozoan parasite Perkinsus marinus, a facultative intracellular parasite of the eastern oyster Crassostrea virginica, is recognized via the oyster's 4-CRD galectins CvGal1 and CvGal2 that recognize and promote phagocytosis of the parasite. The selective recognition of potentially pathogenic bacterial species such as Aeromonas spp., Carnobacterium spp., Streptococcus spp., Bacilus spp. and Vibrio spp. that may be internalized during filter feeding of phytoplankton suggests that the oyster CvGals may opsonize, phagocytose and kill the bacteria by the hemocyte respiratory burst, and digest them in the phagosome compartment by the lysosomal enzymes as part of the oyster's defense mechanisms. CvGal1 also selectively and specifically recognizes microalgal species such as Tetraselmis spp., an abundant phytoplankton component in the oyster's diet internalized by filter feeding, suggesting that CvGal1 can not only function as cell surface receptors or as opsonins for phagocytosis of bacterial pathogens but also for microalgal food. Therefore, the Perkinsus parasites may have co-evolved their glycocalyx to subvert the defense and feeding roles of the oyster galectins by being competitively recognized and phagocytosed by the oyster hemocytes where they inhibit respiratory burst and proliferate, eventually causing systemic infection and death of the oyster host Feng et al. 2013 Feng et al. , 2015a Kurz et al. 2013; Vasta et al. 2015) .
Recently, a murine model for influenza A infection and pneumococcal pneumonia revealed that the neuraminidases from IAV and Streptococcus pneumoniae significantly desialylate the airway epithelial surface and modulate expression and release of galectin-1 and galectin-3 to the bronchoalveolar space (NitaLazar et al. 2015a) (Fig. 5) . In vitro studies on the human airway epithelial cell line A549 were consistent with the observations made in the mouse model, and further revealed that galectin-1 and galectin-3 bind strongly to IAV and S. pneumoniae, and that exposure of the cells to viral neuraminidase or influenza infection increased galectin-mediated S. pneumoniae adhesion to the cell surface (Nita-Lazar et al. 2015a) . Thus, these observations suggest that upon influenza infection, pneumococcal adhesion to the airway epithelial surface is enhanced by an interplay among the host galectins and viral and pneumococcal neuraminidases, and may be a contributing factor to the hypersusceptibility to pneumonia observed in influenza patients (Nita-Lazar et al. 2015a) . Furthermore, the study revealed that the binding of secreted galectin-1 and galectin-3 to the epithelial cell surface modulates the expression of SOCS1 and RIG1, and activation of ERK, AKT or JAK/STAT1 signaling pathways, leading to a disregulated expression and release of proinflammatory cytokines . These results suggest that desialylation of the airway epithelial surface may act as a 'danger signal' that leads to rapid upregulation of SOCS1 expression to prevent an uncontrolled inflammatory response. While the binding of extracellular galectin-1 to the galactosyl moieties unmasked on the surface of airway epithelial cells can 'fine-tune' this process, the binding of galectin-3 can severely disregulate the cytokine response and lead to sepsis .
CONCLUSIONS
The recognition capacity of galectins from invertebrates and vertebrates for oligosaccharides displayed on the surface of virus, bacteria, protistan pathogens and parasites is now well established. Thus, like C-type lectins, galectins are currently considered bona fide PRRs. Based on the Medzhitov and Janeway model (Medzhitov and Janeway 2002) , however, PRRs recognize pathogens via highly conserved microbial surface molecules of wide distribution such as lipopolysaccharide or peptidoglycan (pathogen-or microbe-associated molecular patterns), which are absent in the host. Therefore, galectins do not rigorously fit the definition of PRRs, as they also recognize ligands that are displayed on the host cell surface. This apparent paradox reveals our limited knowledge about the actual diversity in recognition of the host galectin repertoire and the structural and biophysical aspects of ligand-binding preference (Dam and Brewer 2010) . This lack of detailed information particularly concerns the diverse architectural display of the galectin ligands within the complex carbohydrate moieties of the host cell and the microbial surface, and how these features impact the affinity and avidity of the oligomeric galectins in the extracellular space. Given that as described above, host galectins play key roles in early development, tissue repair and regulation of immune homeostasis via recognition of 'self' lactosamine moieties, the substantial conservation of this lectin family in evolution supports the notion that strong functional constraints would prevent any dose of influenza PR8 strain (PR8) followed by a S. pneumoniae (Sp3) challenge 14 days afterwards. (A) Transcript levels of galectin-1 (Gal1) and galectin-3 (Gal3) were assessed by RT-PCR in broncho-alveolar lavage collected from control (unchallenged) or challenged groups of mice at indicated time points. (B) Bar graphs represent fold change of galectin transcription compared to control mice after normalized to β-actin. (C) A549 cells were treated with neuraminidases from Arthrobacter ureafaciens and Clostridium perfringens (Neu K) or S. pneumoniae neuraminidase (Neu Sp), and subsequently incubated with S. pneumoniae type 3 (Sp3, MOI 10) in medium (Sp) or with either 15 μg/ml of exogenous rhGal1 (Sp + rhGal1) or rhGal3 (Sp + rhGal3). The bound bacteria were released in water and quantified after 24 h incubation on 5% sheep's blood agar plates by counting colony-forming units (CFU). The fold changes of CFU from galectin-mediated Sp adhesion compared to that without exogenous galectin are shown. (D) A549 cells were exposed to PR8 (MOI 5) for 72 h (A549+PR8) or medium only (A549), and then incubated with Sp3 (MOI 10) in medium (Sp) or with either 15 μg/ml of exogenous rhGal1 (Sp + rhGal1) or rhGal3 (Sp + rhGal3) for bacterial adhesion, which was determined and shown as described above. (E and F) Total RNA was extracted from A549 control (Ctrl) or neuraminidase (A. ureafaciens and C. perfringens) treated cells (NeuK) incubated in presence or absence of 15 μg/ml exogenous rhGal1 or rhGal3 for 1 h. (E) SOCS1 transcript level was analyzed by RT-PCR. (F) RIG1 transcript levels were analyzed by RT-PCR. Bar graphs show the fold change in mRNA expression levels in neuraminidase-treated cells as well as galectin-treated cells in comparison with control cell without neuraminidase and galectin treatment (Ctrl) after normalized to β-actin. In all studies, representative data from at least three independent experiments are shown.
* P < 0.05; * * P < 0.001, non-paired Student's t test. (Adapted from Nita-Lazar et al. 2015a,b) .
dramatic evolutionary changes in galectin carbohydrate specificity that would be detrimental to the host. Together with the well-recognized evolutionary plasticity for the colonization of new host tissues, it seems plausible that pathogens and parasites would have rather evolved their glycocomes to mimic their hosts' to efficiently subvert the roles of galectins for attachment and entry into the host cells in a 'Trojan horse' model (Vasta 2009 ).
FUNDING

